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Synopsis 

Fiber grade polypropylenes with melt flow indices of 3 and 12 were studied in the as- 
polymerized (powder) state and after pelletization. Pelletizing operations caused very little 
change in the molecular weight distributions of these polymers. The lower melt flow index 
material exhibited much greater apparent viscosity and melt elasticity in the powder than in 
the pellet form during screw extrusion at 190°C. These results are consistent with the existence 
of a higher entanglement density in the powder version. Instron rheometer data showed no 
difference between the two polymer forms because of the possibility for entanglement in the 
rheometer reservoir during rheological experiments. The effects of sample history noted with 
the 3 melt flow polymer were less pronounced with the lower molecular weight 12 melt flow 
material. The differences in flow curves of powder and pelletized forms of the latter polymer 
were negligible a t  175 and 190°C. Differences in die swell were more noticeable, however. The 
effects observed are attributable to reversible shear-induced decreases in entanglement density. 
Similar phenomena have been reported for other polymers. The results reported here have 
implications in quality control procedures for thermoplastics and in the production of polymers 
with desired property balances. 

INTRODUCTION 

The shear and thermal history of a polymer melt may affect its subsequent 
processing behavior.' In general, if the melt is sheared mechanically so as 
to effect a disentanglement of molecules the material can be processed in 
a transient less elastic, and possibly less viscous, state. This will occur if 
recovery of an equilibrium, more fully entangled state is not rapid compared 
to the time scale of the subsequent melt processing operation. A relatively 
disentangled polymer can be restored to a more highly elastic state by 
annealing in the melt.2-4 

Most current literature on this subject has been concerned with polyeth- 
ylene, and particularly with the high pressure, low density product. 4-7 Lin- 
ear low density polyethylene, acetal polymers,* plasticized poly(viny1 
~hlor ide) ,~ and Polyisobutylenelo have also been reported to exhibit effects 
consistent with property changes involving shear-induced decreases in en- 
tanglement density. 

The only publication we have been able to locate on polypropylene de- 
scribes various melt elasticity effects which are influenced by sample prep- 
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aration history." It was of interest, therefore, to determine whether the 
phenomena mentioned are of significance in commercial grades of this 
polymer. 

It is well known, of course, that the properties of a polymer depend on 
its constitution and molecular weight distribution. The reasoning outlined 
above suggests that the polymer characteristics may be influenced also by 
its shear and thermal history after polymerization. It would be expected 
as well, that such post-polymerization effects would be more pronounced 
in higher molecular weight species where the attainable entanglement dens- 
ities may be higher. It was of interest, then, to compare the melt processing 
behavior of polypropylenes, as polymerized and after pelletization. Two 
propylene homopolymers with different molecular weights and melt flow 
indices were compared in this study. 

We have also used the occasion to examine melt flow characterization 
procedures, using a small, single screw extruder and a capillary extrusion 
rheometer. Operation of the rheometer normally provides some opportunity 
for annealing of polymer melts during warm-up and residence in the in- 
strument's reservoir. The screw extruder, on the contrary, can be used to 
induce disentanglement, or at least to minimize annealing and reentan- 
glement. 

The results of this investigation provide some useful information about 
laboratory procedures that can be employed to anticipate performance in 
large scale melt processing equipment. They also provide some insights into 
the influence of temperature and shear history on the entanglement states 
in polypropylene melts. 

EXPERIMENTAL 

Two fiber grade polypropylenes were obtained, with melt flow indices of 
3.0 and 12.0 dg/min. l2 Each polymer existed in two different forms, namely, 
pellets and powder. The powder was as-produced, directly from the poly- 
merizer, while the pellets had been melted, extruded, and pelletized by the 
manufacturer. Molecular weight data for these samples are summarized in 
Table I. These data were obtained by size exclusion chromatography in 
trichlorobenzene solutions at 145°C. Details of the molecular weight char- 
acterization are given elsewhere. l3 

Thermal stabilizers were added to the polypropylenes in our laboratory. 
Polymer 1 (3.0 MFI) contained a total of 3900 ppm antioxidant, including 
1000 ppm Ionol (butylated hydroxytoluene), 1000 ppm Irganox 1010 
(tetrakis[methylene-3-(3',5'-di-tert-butyl-4' hydroxylephenyl) propionate] 
methane) and 1900 ppm Irgafox 168 (2,4-di-tert-butylphenylphosphite). 
Sample 2 (12.0 MFI) contained 1300 ppm Ionol, 1000 ppm Irganox 1010, 
and 2000 ppm Irgafos 168. As shown below, this level of stabilization pro- 
tected the polypropylenes quite well during extrusion. 

It was necessary to remove air from the powdered samples before char- 
acterization of their melt behavior. This was accomplished by compression 
molding 1.5 mm sheets at 175°C. The polymer was in the press 1-2 min 
for this operation. Molded plaques were chopped in a Wiley mill. The pellet 
samples were tumbled blended with powdered stabilizer and then used 
without further preparation. 



TA
B

LE
 I 

M
ol

ec
ul

ar
 W

ei
gh

ts
 o

f 
St

ar
ti

ng
 M

at
er

ia
ls

” 

M
el

t 
-
 

-
 

flo
w

 
-
 

Po
ly

m
er

 
in

de
x 

M
” 

M,
 

Mz
 

SD
(N

b 
SD

(W
)b

 
SK

EW
(N

1‘
 

SK
E W

W
) 

1
 P

el
le

ts
 

3.
0 

41
,0

00
 

22
8,

00
0 

95
0,

00
0 

87
,6

00
 

40
5,

70
0 

14
.9

 
22

.3
 

1
 P

ow
de

r 
3.

0 
42

,0
00

 
23

1,
00

0 
98

6,
00

0 
89

,1
00

 
41

7,
60

0 
15

.3
 

24
.1

 
1
 P

ro
ce

ss
ed

 
38

,7
00

 
21

2,
50

0 
86

4,
00

0 
82

,0
00

 
37

2,
10

0 
14

.6
 

20
.6

 

2 
Pe

lle
ts

 
12

.0
 

27
,5

00
 

16
5,

00
0 

75
3,

00
0 

61
,5

00
 

31
1,

50
0 

16
.3

 
23

.4
 

2 
Po

w
de

r 
12

.0
 

27
,7

00
 

16
6,

00
0 

74
0,

00
0 

61
,8

00
 

30
8,

70
0 

16
.0

 
23

.6
 

2 
Pr

oc
es

se
d 

26
,1

00
 

15
7,

10
0 

68
4,

30
0 

58
,5

00
 

28
7,

80
0 

15
.6

 
20

.9
 

Po
w

de
r 

Po
w

de
r 

8
 
po

ly
m

er
 s

am
pl

es
 f

or
 m

ol
ec

ul
ar

 w
ei

gh
t 

m
ea

su
re

m
en

ts
 ta

ke
n 

af
te

r 
po

w
de

r 
w

as
 c

om
pr

es
si

on
 m

ol
de

d 
an

d 
ch

op
pe

d,
 p

rio
r 

to
 e

xt
ru

si
on

. 
b 

SD
(N

), 
SD

(W
) =

 s
ta

nd
ar

d 
de

vi
at

io
ns

 o
f 

th
e 

nu
m

be
r 

an
d 

w
ei

gh
t d

is
tri

bu
tio

ns
, 

re
sp

ec
tiv

el
y.

 
c 

SK
EW

(N
), 

SK
E

W
W

) =
 s

ke
w

ne
ss

 o
f 

nu
m

be
r 

an
d 

w
ei

gh
t 

di
st

rib
ut

io
ns

, 
re

sp
ec

tiv
el

y.
 

d
 



812 SCHERTZER, RUDIN, AND SCHREIBER 

Melt flow behavior was studied with a fixed plunger speed mechanically 
driven capillary viscometer- the Instron rheometer l4 -and a laboratory 
scale 0.5 in. diameter screw extruder.3 

In screw extruder experiments flat entry capillary dies were used with 
diameters of 0.8, 1.1, and 3.2 mm. Length to diameter ( L I D )  ratios of these 
dies were between 1.5 and 8. Screw dimensions were: diameter 0.5 in., pitch 
0.5 in., helix angle 17.66, length 13.5 in., and compression ratio 3:l. 

Extrusion pressure was measured with a plastic melt transducer located 
0.75 in. upstream from the capillary entrance. Screw speeds ranged between 
5 and 50 rpm. Mass flow rates were obtained by weighing extrudates col- 
lected over known times. Volumetric flow rates were calculated from the 
density of the polypropylene melt at the particular extrusion temperature. 

Instron rheometer experiments used flat entry dies with diameters of 1.0 
and 2.5 mm and LID ratios from 4 to 50. Piston velocities ranged from 0.5 
to 20.0 cm min. -l Instron extrusion experiments were commenced about 2 
min after the barrel was loaded, to minimize the annealing time of the 
polymer in the rheometer barrel. Loading of the barrel occupied 4-5 min. 
Extrusion results were not affected by variations in the initial level of 
polymer melt in the barrel, between 16 and 24 cm above the capillary, nor 
by a high-to-low or low-to-high sequence of piston speeds. Polypropylene 
samples were exposed to the extrusion temperature for times between ap- 
proximately 5 and 40 min, after warm-up, depending on the piston speed 
in the particular experiment. Equilibrium load cell readings were used in 
calculations of Instron experiment results. 

In both the screw extruder and piston rheometer experiments, extruded 
round filaments were air quenched and collected in 8- 10 cm lengths. After 
standing at room temperature for at least 24 h, extrudate diameters were 
measured with a micrometer at points around the circumference about 1 
cm from the leading end of the sample. Die swell was calculated as the 
ratio of the diameters of the extrudate and capillary. 

With a given capillary die, the apparent shear stress T is given by the 
well-known expression: 

= PR/2L (1) 

where P is the measured pressure and R and L are the die radius and 
length, respectively. The corresponding apparent shear rate y is 

with Q, the volumetric flow rate given by 

Q = m v / t  (3) 

where is the specific volume of the polymer melt at the extrusion tem- 
perature and t is the time to collect mass m of exturdate from the screw 
extruder. 

The corresponding equation for r for the Instron rheometer measure- 
ment is 
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T = FD/4A,L (4) 

where F is the force on the plunger in the instrument, A ,  is the cross- 
sectional area of the plunger, and L and D are the capillary length and 
diameter, respectively. The force is computed from 

F = Zg (5) 

where Z is the measured load on the plunger and g is the gravitational 
acceleration constant. 

The apparent shear rate in this case is given by 

where v,h is the vertical speed of the Instron crosshead (in/min), d, is the 
plunger diameter (in.), and D is the capillary diameter (in.). la Replicate 
screw extruder and Instron flow curves agreed to within better than 5% 
in all cases. 

RESULTS AND DISCUSSION 
Molecular weight data summarized in Table I show that pelletization has 

affected little change in the molecular weight distributions of these pro- 
pylene homopolymers. There may have been some narrowing of the mo- 
lecular weight distribution of the lower melt flow polymer (sample l), by 
loss primarily of high molecular weight species. The difference observed 
between the powder and pelletized versions of this polymer are within the 
experimental uncertainty of the analysis, however. 

When the powder was prepared for extrusion by compression molding 
and chopping there was some reduction in molecular weight. The data in 
Table I show that the powder samples as tested had slightly lower molecular 
weights than their pelletized counterparts. As shown below, melts produced 
from powder samples may nevertheless be more viscous and elastic than 
those from pellets. 

Figure 1 plots apparent shear stress vs. apparent shear rate for polypro- 
pylene 1, at 190°C with two different capillaries in the screw extruder. As 
expected, the die with larger L I D  ratio produces a lower apparent shear 
stress at given apparent shear rate. With both dies, however, the powder 
sample is considerably more viscous than the pelletized version. These dif- 
ferences are more pronounced at higher than at lower shear rates. At 1000 
s in the L ID = 3.0 die the apparent viscosity of the powder is more than 
double that of the pellets, despite the slightly lower molecular weight of 
the two compression molded powder version. 

These results are consistent with the existence of a higher entanglement 
density in the powder version of this polymer. The lower melt elasticity of 
the pellets was apparently induced in passage through the pelletizing ex- 
truder during the manufacturing operation. Such effects are expected to 
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be greater than the extruder is required to melt as well as pump the poly- 
mer,2,5 as with polypropylene, than when the pelletizing unit is melt fed 
(e.g., in production of high pressure low density polyethylene). 

Instron rheometer data presented below show that the various versions 
of this polymer revert to the same rheological state on annealing in the 
melt. This entanglement process is quite rapid in this case, compared to 
that of, say, low melt index low density p~lyethylene.~-~ The slower transit 
time through the extruder at lower shear rates would permit more entan- 
glement than extrusion at higher shear rates. Thus, the powder and pellets 
differ most from each at the fastest screw speeds and higher apparent shear 
rates in the die. 

Figure 2 shows a similar plot for the same powder and pellet samples on 

5;)O I d 0 0  15b0 2000 2500 

APPARENT SHEAR RATE k-') 
Fig. 2. Apparent shear stress-apparent shear rate plots for sample 1 pellets (13, 0) and 

powder (A, 0) in Instron rheometer at 190°C. Die diameter was 1 mm; die LID ratios: (A, 0) 
10; (V, 0) 15. 
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the Instron rheometer. Note that in this case the LID ratios of the dies 
are larger than in screw extruder experiments. With the LIDl5 die the 
apparent flow curves for the powder and pellets coincide. The difference 
between the two is also trivial for the shorter, LID = 10, die. The coin- 
cidence of flow curves in the Instron experiments results from annealing 
of the polymer melts when the material is in the rheometer reservoir. 
Transit times through the Instron apparatus are considerably longer than 
through the screw extruder. 

Screw extruder die swell measurements on polymer 1 are summarized 
in Figure 3. It  is clear that the powder samples have much higher extrudate 
swell than the pelletized versions. As is normal, die swell increases with 
apparent shear rate and decreases with increased die LID ratio. Instron 
rheometer die swells for the same polymer are shown in Figure 4. Here 
the differences between the two samples are almost trivial, except at the 
highest shear rates used. In this case, the pellet versions have equal or 
slightly less melt elastic character than the powder samples. The standard 
deviation of replicate die swell measurements was <0.04, in all cases. 

The die swell observed is consistent with the differences noted earlier in 
apparent flow curves and the similarities of molecular weights (Table I). 
The powder samples are more entangled and therefore more viscous and 
elastic than melts produced from pellets. The annealing effects in the In- 
stron rheometer reservoir tend to reduce these differences compared to the 
effects seen in screw extrusion. Consistent also is the observation that sam- 
ples with the same apparent viscosity may still differ in melt elasticity (cf. 
Fig. 2 and 4). This accords with observations and explanations offered in 
earlier work with linear polyethylene. 

The effects of sample history noted with polymer 1 would be expected to 
be less pronounced with the lower molecular weight polypropylene 2. Screw 
extruder apparent flow curves for the lower molecular weight material, 
sample 2, at 19o"C, are given in Figure 5. Conditions are similar to those 
recorded in Figure 1, for sample 1. The differences between sample 2 powder 

- 

- 

- 

3.01 I 1 I I i 

1.8 I- 
I I I I I 1 

APPARENT SHEAR RATE (I/s 1 
0 200 400 600 800 1000 

Fig. 3. Die swell ratios for polymer 1 pellets (0, 0) and powder a, V) during screw 
extrusion at 190°C. Die diameter was 1.1 mm. Capillary LID ratios: a, 0) 1.5; (0, 0)  3.0. 
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Fig. 4. Die swell ratios for polymer 1 during Instron rheometer extrusion at 190°C: (U) 

pellets, die D = 1 mm, L I D  = 15; (D powder, die D = 1 mm, L I D  = 15; (0) pellets, die D 
= 2.5 mm, L I D  = 8; (V) powder, die D = 2.5 mm, L I D  = 8. 

and pellets are trivial, however, compared to the marked distinctions in 
the behavior of the two samples of polymer 1. 

The differences between sample 2 powder and pellets are somewhat larger 
in screw extrusion at  175”C, as shown in Figure 6. Here, as in all previous 
data, the powder is more viscous than the pellets, and this difference is 
greater at higher shear rates. Recall that the results in Table I show that 
the powder sample does not have the higher molecular weight. 

Higher shear rates were attainable at faster screw speeds in extrusion 
with pellets than with chopped plaques that were molded from powder. 
This is because the more uniform shapes of the pellets provided a higher 
bulk density and better feeding to the screw. The mass output per screw 
revolution was higher with the pellet feed for this reason. 

The variations in extrusion rate at given screw speed are not reflected 

200 400 600 800 1000 1200 

APPARENT SHEAR RATE (s-’) 
Fig. 5. Apparent flow curves for sample 2 pellets a, V) and powder (0, U) in screw extruder 

at 190°C. Die diameter was 1.1 mm; capillary L I D  ratios: (0, D 1.5; (0, V) 3.0. 
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50 250 450 650 850 1050 I 
APPARENT SHEAR RATE ( 6 ' )  

50 

Fig. 6. Apparent flow curves for sample 2 pellets a, 0) and powder (0,O) in screw extruder 
at 175°C. The capillaries are the same as those in preceding figures. L / D :  (0, & 1.5; (0, V) 
3.0. 

in the apparent flow curves recorded here. A higher mass flow rate resulting 
from better granule feed will result in a higher head pressure and observed 
T at the die. Further, the data for polymer 2 (Fig. 5) show little difference 
in apparent viscosities of powder and pelletizer versions. Polymer 1 exhib- 
ited substantial differences (Fig. 11, although the powder and pellet feeds 
had the same shapes as in polymer 2. 

Apparent flow curves from Instron rheometer measurements with pol- 
ypropylene 2 are shown in Figure 7. Capillaries with very long L I D  ratios 
were used in these trials because steady extrusion pressures could not be 
obtained under these conditions with shorter dies with the same diameter. 
Appreciable load drops were invariably observed with shorter L ID dies, 

20' I I I I I 
50 I50 250 350 450 550 650 

APPARENT SHEAR RATE (s- ' )  

Fig. 7. Apparent flow curves for polymer 2 pellets and powder in Instron rheometer ex- 
trusion at 175°C (0) pellets, die L I D  = 40; (0) powder, die L / D  = 40; Yy pellets, die L / D  
= 50; (0) powder, die L I D  = 50. 
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despite efforts to obtain equilibrium values by packing the barrel with more 
polymer and by applying an excess load before the desired plunger speed 
was attained. l9 

With an L I D  50 capillary the apparent flow curves of sample 2 powder 
and pellets coincide. A difference is seen with an L ID 40 capillary, but the 
distinction is barely greater than the experimental uncertainty in this case. 
Here also, however, the pelletized sample had a slightly lower apparent 
viscosity than the powder sample. 

Die swell-apparent shear rate plots for polypropylene 2 are shown at 190 
and 175°C in Figures 8 and 9, respectively. Although apparent flow curves 
at 190"~ were the same for the powder and pellets, the die swell values 
differ, with' the pellets exhibiting lower melt elasticity. As mentioned, be- 
havior of this type has been seen for high density3 and linear low density 
polyethylenes. It reflects the assumption that melt elasticity requires the 
existence of polymer chains that are entangled with their neighbors at at 
least two points whereas melt viscosity can be influenced also by the mol- 
ecules that interact only once along their  length^.^ 

Corresponding die swell results for Instron rheometer extrusions at 175°C 
with long dies are given in Figure 10. Here there is no difference between 
powder and pellets with an L I D  = 50 capillary. The pellets have slightly 
lower die swell than the powder in an L I D  = 40 die, where the transit 
time and opportunity for entanglement are less. 

Since polypropylene is known to have limited thermal stability, it was 
of interest also to examine molecular weight distributions of samples that 
had been through rheological characterization experiments. Results are 
shown in Table 11. 

Despite the relatively high level of stabilization of the polymer samples 
extrusion caused some decrease of molecular weight and a narrowing of 
the molecular weight distribution. Comparison of pelletized and powdered 
versions of polymer 1 after extrusion at the same screw speed shows, how- 
ever, that the molecular weight of the pellet samples was at least as high 
as that of the powder, despite the lower apparent viscosity and melt elas- 
ticity of the pellets. 

I 
3.0 

-1 

v) 
5 
g 2 2  
n 

1.8 
0 200 400 600 800 1000 1 

APPARENT SHEAR RATE W1) 
Fig. 8. Die swell values for polymer 2 pellets (V, 0) and powder (0, A) during screw 

extrusion at 190°C. Die diameter is 1.1 mm; L / D  ratios: (0, V) 1.5; (A, 17) 3.0. 
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3.3, 

819 

APPARENT SHEAR RATE ( < ' I  
Fig. 9. Screw extrusion die swell values for polymer 2 at 175°C. Die diameter was 1.1 mm 

and L / D  = 3: (0) powder; (0) NIBS. 

CONCLUSIONS 

The apparent viscosity and melt elasticity of isotactic polypropylene may 
depend very strongly on the shear and thermal history of the sample. Melt 
processing of this polymer results in some decrease of molecular weight 
and change of the initial molecular weight distribution toward a more 
random character. Nevertheless, pronounced differences may be observed 
between rheological properties of samples of a polypropylene with the same 
molecular weight distribution but different melt histories. 

Such differences are more likely to be observed the higher the polymer 
molecular weight. These property changes are attributable to differences 
in entanglement density. Shearing in the melt causes a reversible disen- 
tanglement, resulting in lower melt elasticity and apparent viscosity. 1,3*5 

2.25 - 

-1 -1 
w 

50 I50 250 3 50 450 550 '0 
APPARENT SHEAR RATE (s-') 

Fig. 10. Die swell values for polymer 2 during Instron rheometer extrusion at 175°C. Cap- 
illary diameter = 1 mm: (0) pellets, L / D  = 40; (0) powder, LID = 40; Yy pellets, LID = 
50; (0) powder, LID = 50. 
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Annealing of polypropylene in the melt promotes molecular entangle- 
ment and tends to erase differences caused by shear and thermal history 
variations. For this reason, rheological characterizations in screw extruders 
may produce different results from the behavior of the same polymers in 
capillary rheometers, where the polymer experiences very little mechanical 
shear and prolonged static storage at melt temperatures. 

The results reported here should be of interest to polymer manufacturers 
for several reasons. They indicate that rheological characterization methods 
should be designed to match subsequent processing operations. Misleading 
conclusions may be obtained in some cases if the polymer is annealed more 
effectively in laboratory than factory processes. The data of this article also 
show that the balance of properties of a polymer may be affected by post- 
polymerization operations, which must be controlled in order to provide 
polymers with consistent properties. 

Rheological data are notorious for their poor precision. A major factor 
in this lack of reproducibility may be uncontrolled entanglement density 
variations. l s Z o  
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